Two putative ribonucleases have been isolated from the secondary granules of mouse eosinophils. Degenerate oligonucleotide primers inferred from peptide sequence data were used in reverse transcriptase-PCR reactions of bone marrow-derived cDNA. The resulting PCR product was used to screen a C57BL/6J bone marrow cDNA library, and comparisons of representative clones showed that these genes and encoded proteins are highly homologous (96% identity at the nucleotide level; 92/94% identical/similar at the amino acid level). The mouse proteins are only weakly homologous (-50%o amino acid identity) with the human eosinophil-associated ribonucleases (i.e., eosinophil-derived neurotoxin and eosinophil cationic protein) and show no sequence bias toward either human protein. Phylogenetic
library, and comparisons of representative clones showed that these genes and encoded proteins are highly homologous (96% identity at the nucleotide level; 92/94% identical/similar at the amino acid level). The mouse proteins are only weakly homologous (-50%o amino acid identity) with the human eosinophil-associated ribonucleases (i.e., eosinophil-derived neurotoxin and eosinophil cationic protein) and show no sequence bias toward either human protein. Phylogenetic analyses established that the human and mouse loci shared an ancestral gene, but that independent duplication events have occurred since the divergence of primates and rodents. The duplication event generating the mouse genes was estimated to have occurred <5 x 106 years ago (versus 30 to 40 x 106 years ago in primates). The identification of independent duplication events in two extant mammalian orders suggests a selective advantage to having multiple eosinophil granule ribonucleases. Southern blot analyses in the mouse demonstrated the existence of three additional highly homologous genes (i.e., five genes total) as well as several more divergent family members. The potential significance ofthis observation is the implication of a larger gene subfamily in primates (i.e., humans).
The mature eosinophil is predominantly a tissue-dwelling leukocyte implicated in mammalian defense mechanisms against large non-phagocytosable multicellular parasites (1, 2) . Clinical studies have also correlated the production and recruitment of eosinophils in conditions and pathologies such as asthma (3) (4) (5) and allergic inflammatory disease (3, (6) (7) (8) (9) . Eosinophil effector functions result in part from the release of protein mediators stored in cytoplasmic lysosomal granules (10, 11) . The components of the secondary granules of human eosinophils are well characterized and include four abundant proteins: (i) major basic protein, (ii) eosinophil peroxidase, and members of the ribonuclease superfamily (iii) eosinophil cationic protein (ECP) and (iv) eosinophil-derived neurotoxin (EDN).
ECP and EDN represent a unique branch of mammalian ribonucleases based on sequence similarities (12) (13) (14) (15) and absolute enzymatic activities (16) (17) (18) . These proteins are similar in size (-150 amino acids) and amino acid identity (-83%), although ECP is very cationic (pl 11.2) and EDN is less basic (pl 8.7). These granule proteins appear to provide effector functions independent of their associated ribonuclease activities. ECP is toxic to mammalian cells and has demonstrable bactericidal and anti-helminthic activities (19) (20) (21) (22) (23) , yet its associated ribonuclease activity is relatively weak (15, 24) . In contrast, EDN has little generalized toxicity (19, 20) but is an efficient ribonuclease having activity similar to pancreatic RNase A (24) (25) (26) .
The taxonomic distribution of eosinophil granule ribonucleases is very limited. Low criterion hybridization screens using human cDNA probes and PCR-based experiments have been unsuccessful in the identification and cloning of eosinophil granule ribonuclease genes from non-primate mammalian species (27) . In this study, we have purified and partially characterized two granule ribonucleases from mouse eosinophil secondary granules. Nucleotide inferences from amino acid sequence data were used to clone the genes encoding these eosinophil-associated ribonucleases (EARs). Evidence is also provided for the existence of several highly related genes in the mouse, as well as other genes of lower homology. The implication of these data is that humans may also have additional ribonucleases that could be active in the eosinophil or other cell types.
EXPERIMENTAL PROCEDURES
Eosinophil Secondary Granule Purification and Protein Isolation. Peritoneal cavity eosinophilia was induced using the helminth Mesocestoides corti (28) . Extravascular eosinophils were collected from the peritoneal cavity by lavage and secondary granules were isolated as described in Larson et al. (29) . The presence of only eosinophil secondary granules in the final preparations was determined by electron microscopy.
The abundant acid-soluble granule proteins were extracted as previously described (29) , and peptides suitable for automated Edman degradation were generated from C4 reversephase HPLC purified protein using either proteolytic digestion with trypsin or chemical cleavage with cyanogen (29) .
RESULTS
Purification of Putative mEARs. Our earlier studies showed that the abundant acid-soluble secondary granule proteins from murine eosinophils fractionated on Sephadex G-50 columns into three molecular weight groups that were designated as regions 1, 2, and 3 (29) . The near identity of the human/ mouse G-50 column profiles (20, 34, 35) (31) . Analyses of these hybridizing cDNAs resulted in the identification of sequences encoding two different proteins (Fig. 2 ). These two genes (mEAR-1 and mEAR-2) are unique and encode proteins whose amino acid sequences match the identified peptides from purified eosinophil granule protein (see Fig. 1 ). mEAR-1 and mEAR-2 code for putative ribonucleases (ref. 25 TGT AAG GGC TTA AAT ACT TTT CTT CAT ACA AGT TTT GCT AAT GCT GTT GGT GTG TGT GGA AAT CCA AGT GGC TTG TGC AGT GAC 
271 AGT AGA AAC TGT CAT AAT AGT TCA TCT CGG GTA CGT ATA ACT GTC TGT AAC ATC ACC AGT CGG AGG AGA ACA CCT TAT ACC CAA TGC AGA
361 TAC CAA CCA AGA AGA TCA TTG GAG TAC TAC ACA GTT GCC TGT AAC CCC AGA ACT CCA CAG GAC AGT CCC ATG TAT CCA GTG GTT CCA GTT vertebrate ribonucleases (Fig. 3) . These sequences were chosen to represent the other subgroupings of the ribonuclease superfamily (32, 37, 38) . In addition, the amphibian (R. pipiens) protein, onconase (39) was also included in the alignment because it shared conserved structural features and a demonstrable neurotoxicity similar to both EDN and ECP (39) . The alignment demonstrates that mEAR-1 and mEAR-2 have maintained the identity of the amino acid residues necessary for ribonuclease activity and secondary/tertiary structure. This alignment also shows that mEAR-1 and mEAR-2 display a low degree of sequence homology with the human eosinophil-associated ribonucleases EDN and ECP. Since both mEAR-1 and mEAR-2 are only slightly cationic (pls 9.0 and 9.7, respectively), these proteins are more similar in charge to the slightly basic human granule ribonuclease EDN (pI 8.7).
However, despite the greater similarity of the mEARs to EDN based on calculated pIs, the overall sequence homology of the mEARs to either of the human EARs is the same at both the DNA (64-65% identity) and amino acid (48-52%/58-61% identity/similarity) levels. In addition, the mEARs share an even lower degree of primary amino acid conservation to the expanded family of vertebrate ribonucleases represented by the sequences in Fig. 3 .
The alignment of the expanded family of ribonuclease sequences identifies sequence motifs specific for a subset of proteins that also include the EARs. These sequence motifs are the absence of 5 or 6 amino acids near the N terminus of the secreted ribonucleases (Fig. 3, t) , a higher degree of conservation of amino acids comprising the signal peptides associated with protein secretion (data not shown), and the presence of an 8-10 amino acid insertion near the C termini of the eosinophil-associated ribonucleases (Fig. 3,  §) . Conservation among these ribonucleases is displayed graphically in the unrooted phylogenetic tree derived from the alignment of the representative vertebrate ribonuclease sequences (Fig. 4) . This molecular cladogram demonstrates that mEAR-1 and mEAR-2 are conserved members of a larger mammalian EAR gene family that includes the human proteins ECP and EDN and their primate orthologues. Fig. 4 also shows that the bovine kidney ribonuclease (B. taurus RNase K2) is a divergent member of the primate/rodent EARs. The primary node of divergence among the ribonucleases appears to divide RNase K2 and the EARs from the remaining ribonucleases such as pancreatic ribonucleases and the angiogenins.
The phylogenetic analysis shows that two independent gene duplication events have occurred since the divergence of the orders Primata and Rodentia. We have estimated the divergence time of the mEAR-1/mEAR-2 duplication on the basis of accumulated synonymous (i.e., silent) nucleotide substitutions and estimated rates of synonymous nucleotide divergence in rodents (40) The signal peptides of each protein were removed prior to amino acid alignment. Conserved amino acid residues between all of the proteins are noted by a solid box, while those conserved with mEAR-1 and mEAR-2 are shaded. Conserved structural features of these proteins (25, 36) are identified as follows: *, cysteines proposed to be involved in intramolecular disulfide bonds; t, amino acids composing the ribonuclease catalytic domain; A, residues involved in RNA-substrate binding;°, residues associated with tertiary structure. Consensus deletion and insertion events unique to EAR related proteins are identified by t and §, respectively. Dashes represent gaps introduced into the alignments. The sequence alignments result from the application of methods outlined in Feng and Doolittle (32) and the BLOSUM-62 matrix as applied by Henikoff and Henikoff (33) , with a gap penalty score of 6. The order of the sequences presented has been changed from that which was entered into the program. The order of sequence input was as follows: Homo sapiens EDN (X16546), Pan troglodytes EDN (U24102), Gorilla gorilla EDN (U24100), Pongo pygmaeus EDN (U24104), Macaca fascicularis EDN (U24096), Saguinus oedipus EDN (U24099), H. sapiens ECP (X15161), P. troglodytes ECP (U24103), G. gorilla ECP (U24097), M. fascicularis ECP (U24098), P. pygmaeus ECP (U24101), Mus musculus EAR-1, M. musculus EAR-2, Bos taurus K2 (P08904), H. sapiens RNase4 (D37931), swine (species unknown) RNase 4 (S73478), Rattus rattus pancreatic (J00771), M. musculus pancreatic (M27814), H. sapiens pancreatic (D26129), B. taurus seminal ribonuclease (X51337), B. taurus brain ribonuclease (X59767), H. sapiens angiogenin (M11567), M. musculus angiogenin (U22516), Gallus gallus RNase superfamily related gene (X64743), and Rana pipiens onconase (P22069).
Southern blot hybridization. Since the mEAR-1 and mEAR-2 genes in the mouse are nearly identical, probes derived from either of these genes cross-react even at a high criterion [65°C (29) ] of hybridization (data not shown). The original 285bp RT-PCR product representing the mEAR-2 gene was used in the genomic Southern blot experiments that are shown in Fig.  5 . This figure shows two identical Southern blots of different restriction enzyme digests of mouse (C57BL/6J) genomic DNA hybridized with the mEAR-2 probe. The 65°C (high criterion) blot reveals the presence of three to five mEAR hybridizing bands in any one lane (i.e., restriction enzyme digest). The pattern and intensity of the bands observed are particularly informative. Since the genomic DNA used was derived from an inbred strain, it is likely that only a single genomic allele (i.e., a single restriction fragment length polymorphism) of each gene is present. Moreover, the probe used in this Southern blot is contiguous in the genome (determined by primer-specific PCR with genomic DNA; data not shown) and none of the restriction enzymes used in the Southern blot cut within the probe sequence. As a result, the number of bands and their intensity represent estimates of copy number and because a maximum of five equally intense bands appears in any one restriction enzyme digest, these data suggest the existence of as many as five highly homologous EAR genes in the mouse (mEAR-1, mEAR-2, and three others). Fig. 5 also contains an identical genomic Southern blot performed at a low criterion of hybridization (55°C). This blot shows additional hybridizing bands in each genomic digest and thus reveals the existence of other genes with a lower degree of homology to the highly conserved EAR genes thus augmenting the size of this gene subfamily in the mouse.
DISCUSSION
Two putative mouse eosinophil ribonucleases stored in the secondary granules of this cell type were identified through the purification and partial characterization of acid soluble granule proteins. Amino acid sequencing data provided the necessary information for the development of degenerate oligonucleotide primers specific for the isolated mouse proteins and the subsequent isolation of cDNAs from a mouse bone marrow cDNA library. The two mouse genes are very homologous (96% identity at the nucleotide level) and encode proteins of similar size and physical characteristics. The mouse genes are also only weakly homologous (48- be identified as our purification efforts thus far have failed to identify other ribonucleases stored in the eosinophil secondary granule. An identical Southern blot hybridized/washed at low criteria showed that additional hybridizing bands appeared, thus suggesting the existence of an even larger family of related EAR genes in the mouse. Interestingly, these genes probably do not represent other known members of the murine ribonuclease family. The probe used for the Southern blot has very limited nucleotide homology to both murine angiogenin (43%) or murine pancreatic ribonuclease (52%), and would not hybridize to fragments derived from either gene under the low criteria conditions used here. There is no reason a priori to assume that the existence of a larger EAR gene family is unique to the mouse. We suggest that other mammals are likely to contain additional EAR genes. The implication in the case of humans is the possibility of other ribonucleases with significant homology to ECP and/or EDN. Additional genes homologous to EDN are of particular interest because of the apparent expression of an EDN-like protein in many noneosinophil cell types (43, 44, 46, 49 
